An impetus has been provided towards the development of lead-free solders by worldwide environmental legislation that banned the use of lead in solders due to the lead toxicity.This study focus on Bi-Ag and Bi-Sb solder alloys, in compositions from 1.5 to 5 wt % Ag and Sb. The effects of Ag and Sb amount, and reflow number on the microstructure and morphology of solder bulk were analysed by optical microscope and scanning electron microscopeenergy dispersive X-ray. Based on the results, the grain boundary grooving was observed in all samples except Bi-5Sb in all three reflows. Metallurgical and chemical reaction between interface and solders were found in Bi-5Sb solder alloys in different reflow numbers which lead to appearance of Cu 3 Sb intermetallic compound layer at the interface. Reflow numbers had a significant effect on the size of Cu-rich phase. Also it was observed that, with increasing reflow number Bi-Cu phase found in Bi-2.5Sb solder dissolves into the solder bulk.
Introduction
In soldering process, increasing the amount of lead in the solder alloys (90 to 95 wt. % lead), will increase the melting point, which results in its application at elevated temperatures like the first level interconnection in flip chip and step soldering technology [1] . Despite extensive studies on lead-free solder alternatives in recent years, tailored alternatives for high temperature application are not commercially available [2] . Potential candidates to substitute Pb-Sn solder alloys are bismuth alloys, Au-Sn, Zn-Al, Zn-Sn and copper based alloys [2] [3] [4] [5] [6] . Bi-Ag alloys were introduced as one of the bismuth based alloys. It demonstrates high melting temperature, similar hardness with Pb-5Sn and lower cost than Au-Sn [7] . The solidus temperature of Bi-Ag alloy is higher than 260°C so it can sustain its properties during additional assembly process or usage [1] . However, it has been reported that Bi-Ag alloy has some demerits such as poor thermal and electrical conductivity [8, 9] . Another candidate of bismuth based alloys is Bi-Sb alloy. One of the Bi-Sb alloys advantages is resistance to oxidation in air [10] . Moreover, it is known that Bi-Sb alloy demonstrates good thermoelectric performance in room temperature [11] . Reflow process in electronics industry has gut special attention by researchers due to reusable ability of solders. Reflowed solders in multiplepass solder operations are included in electronics industry. In such operations, microstructural and interfacial reactions of solders are important [12] . Also, the multiple reflow process is basically a function of the attachment of components on to the electronic package.
The present study was conducted to discuss the morphological structures of selected compositions of Bi-Ag and Bi-Sb alloys under multiple reflow process. Experimental Details. This study investigated three different percentages of Bi-Ag and Bi-Sb alloys. Powders of 99.99% purity were used. Compositions were selected based on eutectic points from a literature study on Bi-Ag and Bi-Sb phase diagrams [13] [14] [15] . The three compositions for the Bi-Ag alloy were Bi-1.5, 2.5, 3.5 wt.% Ag while three compositions for the Bi-Sb alloy were Bi-1.5, 2.5, 5 wt.% Sb. The raw materials were mixed for an hour using a Fritsch Planetary Mono Mill. Solder alloys were prepared by melting the mixed powders in ceramic crucible using Electric Muffle Furnace at about 300°C until the molten solder fully melted. The molten alloys were cast in a rod-shaped aluminium mould. Pieces of the rod-shaped solders were cut into approximately 1 gr weight, prior to soldering onto the Cu plates. Commercial rosin mildly activated (RMA) flux was used to prevent oxidation during soldering. For first reflow, samples were taken out from the furnace and kept in room temperature. Before the second reflow and third reflow process, the furnace had to be cooled at room temperature. The same methods were used for second and third reflow process. The morphology at the interface, as well as changes in the microstructure were investigated using optical microscope and scanning electron microscope-energy dispersive X-ray (SEM-EDX). Cu-rich particle size in Bi-Ag and Bi-Sb solders bulk was calculated by an optical image analyser software.
Results and Discussion
Structural and morphological analyses. Physical-chemical properties of the solder system influences the formation of the metallurgical bonding [16] . To form an acceptable solder joint, microstructure in the solder bulk and the interface are significant [17] . Reactions in the interface can be categorized into two groups, in one group there is only mechanical joining which is known as mechanical grain boundary grooving. In another group, there are metallurgical and chemical reactions at the interface which is known as intermetallic compound (IMC) layer. Figs. 1, 2, and 3 show the cross-section optical images for multiple reflow numbers of Bi-1.5, 2.5, and 3.5 wt. % Ag, respectively. wt.% Ag solder in second reflow process. Fig. 1 also shows that increasing reflow number did not have any effect on solder's microstructure. Cu-rich phase and mechanical grooving were observed in all three reflows. While Fig. 3 (a) shows that, Ag-rich phase formed in Bi-3.5Ag sample. The Ag-rich phase like Cu-rich and grain boundary grooving, were observed in all three reflow number. The formation of Ag-rich phase starts when the amount of dissolved Ag in the solder bulk passes the critical value. This results in excretion of solid solution which is the Ag-rich phase. Figs. 6, 7, and 8 show the crosssection images for Bi-1.5, 2.5, and 5 wt. % Sb for multiple reflow number. Cu-rich phase and grain boundary grooving were observed in Figs. 6. Fig. 7 shows the evaluation of Bi-2.5 Sb with multiple reflow number. The Cu diffusion from the substrate, Bi-Cu rich phase showed needle-shaped microstructures in the first reflow at solder bulk which is shown in Figs. 7 (a) and 9 taken by SEM-EDX. However, the Bi-Cu rich phase dissolved back into the solder bulk after second and third reflow. As in the previous samples, grain boundary grooving was also observed at the interface of Bi-2.5Sb. Figs. 8 and 10 show the effects of reflow number and amount of Sb on the microstructure of Bi-5Sb. Reaction between the Bi-Sb solder with Cu substrate, which resulted in the Cu 3 Sb IMC layer happened in Bi-5Sb solder, which is similar to the results found by Yan and Yao [18, 19] .Cu-rich phase was not seen in the first reflow of Bi-5Sb (Fig. 8a) . By increasing the reflow number, Cu-rich phase appeared. As can be seen from Figs. 6, 7, and 8, by increasing percentages of Sb in solder, structure and interaction in the solder bulk and at the interface changed notably. Cu-rich phase length. Ninety Cu-rich particles were measured and calculated to get the average length of Cu-rich phase in Bi-Ag and Bi-Sb solder bulk for multiple reflow number. Comparison of Cu-rich particle size is shown in Fig. 11 . As can be deduced that, the average length of Cu-rich phase has increasing trend for all compositions. Although, with increasing number of reflow, the length of Cu-rich phase increased, their increasing trend is different. In Bi-Ag compositions, the increasing trend is uniform while the Bi-Sb compositions showed non-uniform trend. By increasing the percentages of Ag in Bi-Ag composition, the length of Cu-rich phase increased moderately. In Bi-Sb composition the opposite happens. By increasing amount of Sb, average length of Cu-rich phase decreased. As it was mentioned before, Cu-rich phase was not observed in Bi-5Sb, but it appeared in second reflow. By observing Bi-Sb bar charts, it can be revealed clearly that from first to second reflow increasing trend is significant but it increased smoothly from second reflow to third reflow. In general, the maximum difference belongs to Bi-2.5Sb with 0.264 µm difference between first and second reflow. Also the minimum difference occurs in Bi-1.5Ag with 0.014 µm difference between first and second reflow. It can be concluded that, the addition of Ag in molten Bi-Ag solder alloy, Sb in molten Bi-Sb alloy, and the number of reflow process affect the dissolution behavior of Cu grain boundaries into solder bulks which lead to changes of Cu-rich phase particle size. Fig. 11 : Comparison of Cu-rich particle size
Summary
Morphological analyses and Cu-rich phase length of Bi-Ag and Bi-Sb solder alloys with different compositions have been investigated in multiple reflow processes. Metallic substrate of Cu was jointed and reacted with Bi-Ag and Bi-Sb solders. The following deduction can be drawn from this study.
1. Grain boundary grooving was observed in all compositions except Bi-5Sb. IMC layer occurred in Bi-5Sb samples in all multiple reflows. 2. Ag-rich phase was seen in Bi-3.5 Ag solder samples. Also, Bi-Cu rich phase appeared as needle-shaped microstructures in the first reflow of Bi-2.5Sb and disappeared in the next reflows. 3. Cu dissolved into liquid Bi-Ag and Bi-Sb solders except Bi-5Sb in the first reflow to precipitate as Cu-rich phase. 4. Increasing reflow numbers in Bi-Ag solders resulted moderate increasing length of Cu-rich phase in solder bulk. However, from first to second reflow the length of Cu-rich phase increased significantly in Bi-Sb solders, and from second to third reflow the growing trend was uniform.
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